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Abstract -- In this research work a protection is presented
that is placed in the windings of the submersible pump
motor to detect its temperature, when it increases to a value
higher than 75 °C, it generates a signal with a frequency of
200kHz which is sent through the power cables to a
receiver in the motor starter.

The design includes the power supply, a current carrier
transmitter based on a Voltage Controlled Oscillator
(VCO), to detect the signal a Phase Locked Loop (PLL) is
used as a receiver, these circuits are isolated on the power
line by a pair of high voltage capacitors and an intermediate
frequency transformer (IFT).

The protection was tested by separating the transmitter and
receiver at a distance of 13.5 m. The temperature
comparator handles a hysteresis range of 70.47 to 75 °C.

Key words: Protection, windings, transmitter, receiver,
current carrier.

Abstract: In this investigation work a protection is
presented that is placed in those reeled of the motor of
submersible pump for detecting its temperature and when it
detects that it is increased to a superior value to the 75°C, it
generates a sing with a frequency of 200 kHz which is a
correspondent through the feeding cables until a receiver in
the starter of the motor.

The design includes the feeding source, a transmitter for
carrier current based on a VCO (Voltage Controlled
Oscillator), to detect the sing we use a PLL (Phase- Locked
Loop) as receiver, these circuits are isolated of the feeding
line by means of a couple of capacitors of high voltage and
a transformer of intermediate frequency (TFI).

The system was proven separating the transmitter and the
receiver a distance of 13.5 m, the comparative of
temperature manages a hysteresis range from the 70.47 to
the 75 °C.

Key words: Protection, reeled, transmitter, receiver, carrier
current.

INTRODUCTION

Three-phase induction motors (MITs) are widely used in
industry, they are the workhorse of the industrial sector,
due to their almost zero maintenance, in addition to the fact
that they exist in a wide range of sizes and capacities [1].

A special case are the MITs for submersible pumps (MBS),
which [2] considers vital and mentions that can be used in
various applications, such as large-scale water conservation
projects [3], urban water supply [4], drainage systems [5],
mine drainage [6], emergency disaster relief [7] and other
applications. That is why there is a concern to analyze their
behavior and maintain them in optimal conditions for their
correct operation. There are two main differences between
this type of MBS and the dry type, the main one is that the
windings of the MIT for submersible pumps are in
permanent contact with the pumped liquid, for this same
reason, the other difference is that they are wound with
magnet wire coated (AMP) with a thermoplastic insulator,
while the dry type MIT use varnished magnet wire.

MBS failures can be mechanical and electrical. Mechanical
failures have the particularity that their evolution is
relatively slow; on the contrary, electrical failures generally
present a fast evolution until becoming a catastrophic
failure in a short time [8], therefore, their
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detection is often very difficult and early detection is
essential [9].

Specifically stator winding failures are one of the main
failures in MBS, in the work done by [10] reviewed and
discussed the failures or malfunctions of electrical
submersible pumps (ESP). Therefore, he reviewed all the
important information related to this machine, such as
construction and operation. He specifically focused on the
failures and the details of the . For this, he defines failure as
the change in any component of the machine that prevents
its proper operation. It can also be defined as the
unavailability of an element to perform an intended action.
The review arrived at the result that motor failure
contributes 40% of all total system failures. In the context
of motor failure, stator winding and bearing failures are
responsible for about 35 to 40% of total motor failures
each. It is notable that many motor failures are related to
mechanical failures that result in an increase motor
temperature, thereby causing a breakdown of the insulation
and this in turn, a short circuit.

In [11] defines an electrical insulator as a medium or
material that, when placed between conductors at different
potentials, allows only a small or negligible current to flow
through it in phase with the applied voltage, the range of
resistivities of substances that can be considered insulators
goes from more than 10%to about 10(® @™, depending on
the application and the voltage stress, , it defines the
dielectric strength or resistance of an insulation as the
maximum voltage per unit thickness that a dielectric can
withstand in a uniform field before breaking electrically.
Dielectric strength is usually measured in kilovolts per
millimeter or per inch.

Proper fault identification is time consuming and requires
highly trained human experts, and after implementation,
monitoring is restricted to the acquisition of some basic
parameters, such as current consumption. This scenario
emphasizes the need to diagnose faults even before
purchasing the equipment, in [12] an artificial intelligence
solution is presented to diagnose faults before the
acquisition submersible oil motor pump systems.

To validate their proposal and select the best classifier they
conducted a comparative study using thousands of real data
inputs acquired in tests performed prior to the acquisition of
submersible motor pumps, the results showed that the
performance of the classifiers is sufficient to facilitate the
work performed by humans and, consequently, reduce the

time spent in the pump fault diagnosis process. They
concluded that, although the system has been evaluated
with real data and real test scenarios, there is still a need to
investigate the performance of the -classifiers when
considering sensor data sets rather than individual sensor
data.

By investigating numerous submersible motor pumps from
various manufacturers in various wells in Egypt [13] it was
found that most of the submersible motor failures were
caused by excessive motor heating, the researcher offers
protection by using three thermometer sensors placed in the
motor winding and sending a signal to a microcontroller
connected in series with the inverter. The simulation results
agree reasonably well with those measured experimentally
for the motor used in the research. They concluded that the
proposed scheme is simple and economical, while being
highly efficient, giving high accuracy and suggest that
company producers install sensors inside submersible
motors to protect them against overheating.

In another work presented by [14], they propose a deep
belief network (DBN)-based fault diagnosis method that
can automatically extract the fault characteristic
information from the original operating data of a
submersible reciprocating pumping unit (SRPU). The
operating current is used as the characteristic parameter of
the operating state of the SRPU. The vector extracted from
the current is used as input data for the fault diagnosis
model. The DBN is first trained with the original currents,
and then the gradual extraction of the fault characteristic is
performed through the multilayer structure. Their results
showed that the model can extract the fault feature from the
MBS operating currents and implement fault diagnosis
effectively, and conclude that the feature extraction effect
of this method is better than the traditional feature
extraction method and the model has higher diagnostic
accuracy.

There are options on the market for monitoring the
temperature of the windings of the MBS, among the most
important we can mention the Grunfos protection, MP 204
[15], Amacontrol from KSB [16] and Submonitor Connect
from Franklin Electric [17], all of them require the invasion
of the motor by having to install in the windings of a PT
100 temperature sensor and wire it to the surface, the
objective of this work is to propose a protection system
based on the normal temperature limit of the motor
transmitting the information by current carrier from the
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MBS to its starter without the need for additional
conductors to the power supply (CBS).

DEVELOPMENT
Methodology.

Figure 1 shows the design of the MBS temperature
protection system consisting of 5 stages described below:
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Figure 1. Block diagram.

The design consists of developing a power supply from the
motor power supply to supply DC voltage to the electronic
circuits. The temperature sensor is connected to a signal to
amplify the voltage supplied by a thermocouple so that
between 30 and 125°C from an output voltage of 0 to 5V,
this is compared with a reference level equivalent to 75°C
at which the MBS is protected, If the temperature exceeds
the value, it sends 5V to the transmitter to generate a
frequency of 200kHz which is injected as a carrier in the
power supply conductors. When detected by the receiver, it
activates the relay that disconnects the motor power
contactor and prevents its connection until the motor cools
down. Each module is described in the following sections.

a) Power supply (220VAC/+5, £12VDC).

The MBSs are powered with three-phase voltages of 440 or
220 volts AC, 60 Hertz without neutral, because this is the
only way to ensure that the MBSs can be used in a wide
range of applications.

The protection will not have any auxiliary cable, a source
was developed with Zener diodes as voltage regulators, to
feed the circuits with voltages of +5 and +12 volts DC.

The power supply will feed three circuits with different
voltages and loads, which are shown in Table 1.

Table 1. Load to be fed by voltage.

Maximum
Crgo | ] ol
Conditioning INA 114 +12 3
Comparator LM311 +5 7.5
Ttz (0D | 45 40
4046B

The circuit designed for the source is shown in Figure 2.
5T 3.7k
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Figure 2. Power supply.
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The +12V DC voltage is obtained with Zener diodes Z1
and Z2 whose parameters are:

vzi=vzo= 12 V, rp=0.5W and zmin= 0.001 A

The maximum value of the power supply, vsmax, is obtained
as a function of the peak phase voltage Vm with equation 1.

Vinar= 1.645 mV/ Eq. (1)
Substituting, vsma= 1.645(220)= 361.9 V

Since both positive and negative voltages are needed, a
center tap is used to apply half of the voltage to each Zener
diode (VZ) and take the center as the neutral of the circuit,
therefore:

VSmaxZ= 361.9/2=180.95V

The limiting resistance z; is determined by the load
curret/ZMAX , using the equation:

Ri= (VSmaxZ- VV)/(1.1 [ZZMAX)  Eq.(2)
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Substituting the values into Equation 2 and adjusting to the
next higher one defines Ri at 57 kQ.

The power dissipated (P) by the resistor is obtained from
the current (/) by means of:

P=Py Eq. 3)

Substituting the values in equation 3, we obtain a P=0.513
W so a resistance of 1W is required.

It is verified that the maximum power at the Zener diode
(ppz1) is not exceeded as a function of Minimum source
voltage (VVSmiin) and minimum load current (ILmin )
by means of:

VSmin-VZ

PDZI = —— vz Eq. (4)
Ri—ILmin

Substituting the values we obtain ppz= 0.0355W.
Therefore, a Y2 watt Zener diode is selected.

For the +5V DC source, according to Table 1, a total
current of 47.5 mA is used, the values for the Zener diode 3
(z3) are obtained, having the following parameters.

Vz3— 5.1 V, PD=% W and 1Zmin— 0.001 A.

Substituting the values in Equation 2, the value of the
limiting resistance for Zener diode 3 is obtained, the
immediate upper g3 of 3.7 kQ is considered,

Substituting the values in equation 3, P= (0.0475)°
* 3,700; a P=8.348 W is obtained, so a 10W resistor is
required.

The power of Zener diode 3 is obtained with equation 4
leaving PD7Z3 = 02423 W.

b) Signal conditioning.

The connections for the INA 114 instrumentation amplifier
are shown in Figure 3.

The gain (G) that can be obtained from NAI 114 is
1 to 10,000 and is controlled by an external resistor, zg, the
gain is calculated by equation 5.

G =1+ (50 kQ)/RG Eq. (5)
By subtracting rg from equation 5, we have equation 6.

RG™ 50(G— ].) Eq (6)

The thermocouple values were obtained in millivolts, with
the help of a digital thermometer ENSA Electronics brand
calibrated by CIATEQ and measuring the voltage values in
each reading with a digital multimeter Fluke brand
calibrated by LAPEM, four readings were taken in a range
from 30 to 125 °C, which are shown in Table 2.

Figure 3. Signal conditioning circuit.

Thermocouple voltages.

Temperature (°C) | Thermocouple voltage (mV)
30 0
75 2.3
100 3.7
125 5

It was decided to take this range since the output voltage at
125 °C is 5 mV, so it is necessary to condition the signal by
increasing it a thousand times to obtain an output value
(Vo) in the range of 0 to 5V; therefore, G= 1000.

Equation 6 gives RG = 50.05Q; a precision potentiometer
is used to give the exact value.

Graph 1 shows the response of the amplifier for a
temperature (7) from 0 to 125°C. Using the equation of the
line the output function is defined:

Vo= (5/95) (T - 30)

For a value of 7= 75 °C, we have a value of Vo= 236V,
this voltage value will serve to place the reference voltage
level (Vref) in the comparator circuit, Vo is greater than this
value the comparator will give a high output to activate the
transmitter.

LETR T

e, = {125.5)
E —

i II Bmyil
k] 0o

20 40 L] L1} o3 120 1A
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Graph 1. Temperature VS INA 114 output voltage. Vo =2.260+" =2.13V
Lr 2 22

c¢) Comparator.

The LM 311 integrated circuit was used for the comparator,
compares a voltage signal at one input with respect to a
reference voltage at the other input.

To avoid noise problems, positive feedback is used, it is
performed by taking a fraction of the output voltage s and
applying it to the positive (+) input. In Figure 4, the output
voltage s is divided by R and n times its value. The input
voltage, which comes from the signal conditioning is
applied across the resistor R to the (+) input, so the circuit
is non-inverting.

Potenciometro
de precision

del acondicionador
Yo
nk

R
10 12 220 k03
Figure 4. Comparator circuit.

Whenever a circuit changes from one state to a second state
with a certain signal and then returns from the second state
to the first state with a different input signal, the circuit is
said to exhibit hysteresis, therefore, the upper (yur) and
lower (y.7) threshold voltages can be found by the
following:

—Vi
o= Vief (+ 1= == Eq. (7)
yir = Vref (1 +_1 +Vsat Eq. (8)

vuris considered at 2.36 V which corresponds to the

temperature limit at 75°C. The comparator is,?ower.e.d at its
positive terminal with +5 volts (y5) and on its positive
terminal with +/Vsat.

negative for 0 volts (L), for convenience we define
n=22 and R=10 kQ, therefore nR= 220 kQ, Vref'is cleared
from equation 7 and the values are substituted:

36

—0=226V.
1+)
22

Vref= >

Taking the value of y..rand using equation 8, the y;ris
calculated:

Using Equation 7, with Vo = y;r=2.13 V, T'is cleared, to
know at what temperature value in °C this value represents,
with these values we have:

T=952:13) 430=70.47°C.
5

With this hysteresis range the protection ensures that after
the protection is activated the motor will not operate if the
temperature does not drop below the y;r value, i.e. 70.47
°C, which is the appropriate temperature for the motor to
operate safely.

d) Current-carrier transmitter.

This current-carrier transmitter consists of two parts, a
voltage-controlled oscillator (VCO) and a transmitter. The
VCO produces an output signal, generally a square wave,
whose frequency is proportional to the value of a DC
voltage applied at its control input.

a amplificador da salida

VCo

MCI 40468
g VCO 4

11 126 7

D7
114148

c1
100pF =

Figure 5. Transmitter circuit.

The comparator signal enters the VCO of the Phase-Locked
Loop (PLL) of the circuit.

MC1 4046B, which is responsible for modulating the

incoming signal on a 200 kHz carrier, the minimum

frequency (snin) can be determined by the

equation 9 and the maximum frequency (s is calculated

with the

Equation 10, for this application it is not required to shift

the center frequency so s is zero Hertz, from equation 9,

R2 iso ; pin 12 is disconnected.

1

i T3 Eq. )

1

fmax™  — .
R1(c1+32pF) Eq (10)

Considering an .= 400 kHz, the capacitor is defined as

follows

C1=100 pF and from equation 10 we calculate the value of
RI
=18,939.39; it is selected at 20 .
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The VCO operates at a specific frequency, called center
frequency (rp); defined by the input voltage coming from
the comparator. The voltage divider is set with RA and RB,
defined at 1 MQ. When the comparator signal is high (5V),
at the input applies Vsal/2 then the center frequency is:

ro= fmax/2 Eq. (11)
With fue= 400 kHz substituting the value in equation 11
gives the value of ry=200kHz.

The VCO output is 5V; this signal is amplified by the PN
2222 A transistor, the equation of the right-hand side mesh
shown in Figure 6 is:

Ic (R cg+R4) V=12 Eq. (12)
Where IC is the collector current, Rck is the equivalent

collector resistance, R4 is the emitter resistance and Vcg is
the collector-emitter voltage.

112 Ved 1nF

2 conductores
d= alimentacion
CAZ )
350V
2200F

Figure 6. Amplification of the VCO output signal.

The equivalent collector resistance (gcr) is calculated from
the resistance R5 and the resistance of the intermediate
frequency transformer (IFT) R72:

__R5%RI2
CE  R5+RI2

Eq. (13)

For the mesh on the left side, in Figure 6, the equation is
defined by:

IgR3 +V pp(am= 5 Eq. (14)

Where: jzis the base current, R3 is the base resistance and
VBE ;ay 1s the base-emitter voltage at saturation.

The base current is defined from the transistor gain (5) by:

1 B=IC/B Eq. (15)

This amplified signal is placed on the TFI transformer
operating up to 455 kHz for injection into the power grid.
The TFI must be synchronized to the carrier frequency of
200 kHz. Capacitors CA1 and CA2 shown in Figure 6 are
high voltage and isolate the TFI transformer from the
mains.

The PN2222A transistor has the following parameters in its
data sheet, VCE =1V, VBE;,p=2 V and B = 40.

We define R5 = 270Q and R4 = 100Q; using a digital
multimeter we obtain the resistance value of the TFI =.9Q.
Substitute the values in equation 13 to obtain zcr=4.831Q.

Equation 12 is used to calculate the collector current ;¢
=(0.1049 A. Equation 15 gives the value of 5.

= 0.1049/40=2.623x10° A

using equation 14, R3 is cleared to obtain its value; R3=
1.143, it is set at commercial value of

1.2 kQ. The transmitter circuit is shown in Figure 6 with the
design values.

—

13 14 43

MCI 40468 1

11 126 7 D7
R4
4750 R Ly N
i 75TM0OS ¢l

c2 1 100pF SRS
100 oF T i 20 03

Figure 7. Receiver circuit.
e) Current-carrier receiver.

The signal coming from the mains should be isolated by
two high voltage capacitors and inserted into a TFI of the
same characteristics as the transmitter, as shown in figure
7.
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The signal provided by the TFI is amplified by means of a
voltage comparator LM311, a pull up resistor of 1 kQ is
placed at its output a voltage of 5 Vpp with a frequency of
200 kHz is obtained

The TFI must be synchronized at 200 kHz, which is the
carrier frequency used for signal transmission, which can
be recovered at distances greater than 10 m, by means of a
receiver such as the one shown in Figure 7, based on a
PLL, which is a frequency control system consisting of a
comparator or phase detector, a low-pass filter and a VCO.
This stage is developed with the 4046B integrated circuit
that includes the three elements.

The PC2 comparator is used, which is known as a
broadband phase detector because it has a much wider
capture range and accepts asymmetrical input signals. The
input signal is applied to pin 14 (SIGNAL IN) and the
comparison signal from the VCO (pin 4) is applied to pin 3
(COMP IN).

This comparator delivers at its output (pin 13) a high level
when the input frequency is higher than that of the VCO
and a low level in the opposite case. If the 2 signals have
the same frequency and phase, the output of the control pin
1 (PHASE PULSES), becomes high, this information is
used to indicate to the external circuits that the PLL is
latched; in this case it activates the relay shown in figure 1
to de-energize the motor.

Resistors R3, R4 and C2 form a low-pass filter, which
determines the rate at which the system can follow changes
in input frequency, the capture range and prevents the
normal operation of the PLL from being affected by noise
peaks.

For the receiver, the offset level was increased to 10 kHz.
Cl1 is defined at 100 pF and using equation 9 calculates R2
obtaining a value 7.57 MQ. This prevents it from latching
to the 60 Hz power line frequency.

The maximum frequency (sm.x) Was set with a value of 300
kHz, with equation 10, the value of Rl at 27 kQ is
obtained.

The PLL system latching range (srz), defines the frequency
band within which the PLL can be kept latched with a
previously captured input signal. It is evaluated by:

arp =t(fmax - fmin)/2 Eq. (18)
The capture range of the system itself (arc), defines the

frequency band within which the PLL can track and capture
an input signal until it latches on

with it. Since the PC2 comparator (pin 13) was used, the
capture range will be equal to the latching range, i.e:

AFC™ AFL Eq. (19)
Therefore, the PLL will be able to capture and stay on-hook
with any frequency within the operating range of the VCO.

The protection is calibrated and adjusted for testing at a
distance of 13.5m.

DISCUSSION AND ANALYSIS OF RESULTS

Figure 8 shows the carrier signal, which is obtained by
increasing the temperature to a value higher than 75°C.

°C, achieving a 5 Vpp signal at a frequency of 200 kHz.

pECiLascapin

OSCALGC DN wmp <

AIRS - BCCUPER W AT RS MW EN "

Figure 8. Transmitter signal.
Figure 9 shows how this 200 kHz carrier signal is mounted

on top of the 60 Hertz feed signal, making it look a little
wider and increasing its amplitude.

HOLD “T

&1 RAT RECEFER L]

Figure 9. Power signal in Va'-Vb' with ;:arﬁe},

In Figure 10, a close-up of the feed signal with the carrier
around 200 kHz can be seen.

The receiver circuit was placed at the opposite end of the
13.5m Submersible Pump Cable, filtering the 200 kHz
carrier signal generated by the transmitter, the signal at the
output of the transmitter is shown in Figure 11.
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TFI, with the drawback of its small amplitude device
triggering; about 1 Vpp.

QSCILOSCOr

ATHAS RECUPER W | L]

AL L O DR 40 D «Z - i <E

ATINS  REEHPER M

a) Voltage b) Frequency
Figure 11. TFI output signal from the receiver

The LM311 comparator is used to convert the signal to
digital from 0 to 5 V; the response is shown in Figure 12:

OrSE L DSCoeen D <z L T (LN

AT FECUPEN

a) Voltage b) Frequency
Figure 12. Signal at the output of the LM311.

This signal is inserted into the PLL at its pin 14 (SIGNAL
IN), to compare it with the VCO signal and as it falls within
the latching range of 10 to 300 kHz the system was
successfully latched, as shown in Figure 13.

Finally, the engine was allowed to cool down, reaching
room temperature, i.e. with the lowest temperature of the
engine.

at 70 °C, the output was set to low, 0 V, as shown in Figure
14.

DSCILNSEnrIn HOLD =F

ATRIES RECWLH

oL <E

H 3

Figure 14. Low output, no voltage at the receiver.

Although in [13] they concluded that the proposed system
is simple and economical, as well as reliable, there is still
the inconvenience of having to wire the three sensors from
the MBS to the surface, something that is eliminated with
this proposal by sending the signal by current carrier.

The designed protection unlike [14] does not need prior
fault information for learning the neural network, only the
maximum operating temperature of the MBS needs to be
selected for the protection to act.

The main advantage of this proposal compared to [15], [16]
and [17] is its universality since it can be fitted to any type
of MBS, of any brand and of any capacity in any
submersible pump repair shop so it is not limited to certain
brands or capacities of MBS.

CONCLUSIONS

It can be concluded that the carrier temperature protection
uses the supply conductors for communication between the
sensor and the actuator. The high temperature warning signal
is generated
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at 75°C. When the temperature drops to a value of 70°C the
output is deactivated allowing the pump to operate again.
Hysteresis operation is achieved, ensuring that the motor
can operate safely when it has cooled down. The proposed
system protects the motor by preventing it from exceeding
the normal operating temperature without the need for
additional wiring to the power supply. This alert indicates
that maintenance is required, and when done in a timely
manner, the cost of repair is reduced.

Future research is to work on the evaluation of the
insulation degradation from the temperature increases
registered in the pump to predict the failure before it
occurs. Another field research is to develop an algorithm
that allows the self-calibration of the transmission of
information by carrier as a function of the depth of the
submersible pump.
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